The aim of this study is to characterize the urban heat island (UHI) intensity in Hong Kong. The first objective is to explore the UHI intensity in Hong Kong by using the mobile transverse and remote sensing techniques. The second objective is to produce a satellite-derived air temperature image by integrating satellite remote sensing with a mobile survey, the methodology involved in making simultaneous ground measurements when the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) satellite made an overpass. The average UHI intensity of Hong Kong was about 28-3.58C, although a very high value of 128C UHI was observed on a calm winter night by ASTER. The satellite-derived surface temperature was compared with the in situ measurements. The bias was found to be only about 1.18C. A good correlation was also found between the in situ surface and air temperature pair of readings at nighttime on 31 January 2007. The linear regression lines of temperatures in urban and suburban areas were then used to convert the satellite-derived surface temperatures into air temperatures. The satellite-derived air temperatures showed a good correlation with temperatures observed by 12 fixed stations. It is possible to derive the nighttime air temperature from the satellite surface temperature on calm and clear winter nights.
Introduction
The Intergovernmental Panel on Climate Change (IPCC) reported that the average global surface air temperature has increased by 0.768C, measured from the preindustrial era to 2005 (Alley et al. 2007 ). The temperature records measured at the Hong Kong Observatory (HKO) headquarters also showed that the annual mean temperature rose by 1.58C between 1891 and 2002 (Leung et al. 2004 ). This rate is higher than the global rate. As the HKO headquarters is located in the core of a dense urban area, urbanization could be one of the possible causes of the additional temperature rise. IPCC predicted that a highly probable increase in the global temperature from 1.18 to 6.48C by 2099 might induce very hot weather in tropical and subtropical cities in the next century. It is important to characterize the current urban heat island (UHI) intensity and distribution to lay a benchmark for the planning of adaptation and mitigation measures (Fung et al. 2004; Chang et al. 2007; Ooka 2007; Huang et al. 2008) .
There are at least five methods that can be used to characterize the UHI intensity of a city. They include fixed station analysis, mobile survey, remote sensing, and scale or dynamic models (Oke 1981; Saitoh et al. 1996; Unger et al. 2001; Nichol 2005) . Despite the availability of these technologies, none of the five techniques can capture all the information that is required for this characterization. However, the five technologies do complement the strengths and weaknesses of each other. For example, the remote sensing technique takes only a snapshot, but it reveals the surface temperature of the entire area (Rao 1972; Kim 1992; Gallo et al. 1995; Streutker 2003; Xu and Chen 2004; Goldreich 2006; Hartz et al. 2006) . A mobile survey can also cover a large area, but it can never see the whole area (Caselles et al. 1991) . Also, its accuracy is undermined by the natural diurnal temperature change. This paper reports on an advancement brought about by integrating the remote sensing and mobile survey techniques.
In Hong Kong, Nichol (2005) analyzed the surface heat island in a small town on the western side of Hong Kong using two 2001 summer satellite images. Later, a fixed station analysis was carried out in the summer of 2003 by deploying fixed weather stations in 17 coastal residential estates (Giridharan et al. 2007 ). This study was able to identify the critical urban design variables that influence the UHI in Hong Kong residential estates. Both studies identified the existence of UHI in Hong Kong, but they did not cover the downtown areas. This study focused on the most urbanized areas of Hong Kong and explored its maximum UHI intensity.
One limitation of using remote sensing for heat island analysis is that the satellite-derived surface temperature is not the ambient temperature. It can only be used as a surrogate of the air temperature. It would be helpful if there was a way to convert the satellite surface temperature to an air temperature reading. Roth et al. (1989) and Voogt and Oke (2003) found that there is no simple correlation between the screen level air and the satelliteobserved surface temperatures under different climatic phenomena. On the other hand, Kawashima et al. (2000) reported that air temperature is related to the surface temperature and the density of vegetation during winter nights. It is commonly believed that the ground surface temperature should be correlated to the temperature of the air above it. Theoretically, the correlation between the two temperatures for the same surface material should change diurnally as a result of the solar heating in daytime and the radiation cooling at nighttime. This correlation should also change with different surface materials, as a result of the different thermal properties; therefore, it might be possible to derive the air temperature from the satellite-derived surface temperature. The problem is to identify the correlations separately for daytime and nighttime and also for different surface materials. In this study, the correlation between the two temperatures was explored on a calm winter night under clear-sky conditions. The validation of satellite thermal images using simultaneous ground mobile measurements is uncommon and should be worth noting.
The aim of this study is to characterize the UHI intensity in Hong Kong. There are two methods for achieving this aim. The first method is to explore the UHI intensity in Hong Kong using the mobile transverse and remote sensing techniques. The second method is to produce a more accurate high-resolution satellitederived air temperature image by integrating remote sensing techniques with a mobile survey.
Methodology
This study confirmed the existence of an urban heat island using the mobile transverse and remote sensing techniques. Then, it explored the correlations between the ground surface temperature and the air temperature using a manual in situ measurement that was synchronized with a satellite overpass. The satellite surface temperatures were converted to the satellite air temperatures using the correlations obtained. Finally, the satellite-derived air temperatures were evaluated using temperatures from fixed stations.
a. Mobile transverses (June 2003-April 2005)
To examine the existence of UHI in Hong Kong, a total of 20 mobile trips were carried out on nine clear sky days. Table 1 lists the dates and periods of the field trips. Where meteorological conditions permitted, mobile transverses were repeated for three periods in one day: 0200-0400 LT (morning), 1300-1600 LT (afternoon), and 2030-2330 LT (evening). It took about two to three hours to complete a field trip. As spring is generally cloudy, only two mobile transverses were conducted on 19 April 2005.
The general routes of the two vehicles, the coastlines, and the land use patterns are shown in Fig. 1 . One route was marked as white for Hong Kong Island, while the other route was marked as black for Kowloon and the New Territories. The mobile routes covered a large part of Hong Kong, omitting only the eastern part of the New Territories and the outlying islands. The land uses along the selected routes are mostly urban. Although Hong Kong has a complex and rugged terrain and coastline, the routes shown in Fig. 1 are relatively flat and were most of the time near sea level. Though air temperature gradually decreases with altitude, in this study the influence of altitude is considered to be insignificant. For each field trip, two vehicles were deployed and driven around the northern part of Hong Kong Island, Kowloon, and the New Territories. Each vehicle was equipped with two temperature sensors and a global positioning system (GPS) receiver. The two temperature sensors used were a thermister and a thermocouple. These sensors were fixed to the roof of each vehicle and covered by a paper box (similar to a Stevenson screen) to abate solar heating and wind chill. The sampling frequency of the temperature sensors was set at two seconds. At an average speed of 60 km hr 21 , the temperatures were logged once every 17 m. The precision of all temperature sensors was 0.18C. The GPS receiver was connected to a notebook computer on board the vehicle for recording of the real-time positions. The sampling frequency of the GPS was set at 1 s.
b. Quality assurance and quality control
All temperature sensors were calibrated in the laboratory of The Hong Kong Polytechnic University using the OMEGA CL750A calibrator together with a standard thermometer (NIST SRM 934). Full calibrations were conducted in the winter once a year. Zero and span checks were conducted in the summer. A total of five calibration points were acquired: 08, ;158, 308, 358, and 408C.
Another source of error concerns the temperature change during the time of the transverse, as each field trip lasted from two to three hours. To eliminate the variations caused by natural diurnal change, all of the temperature records for each field trip were adjusted to one reference time. First, the reference time for the morning, afternoon, and evening trips were set at 0300, 1500, and 2200 LT, respectively. Second, the hourly temperature profile observed at the HKO headquarters for all field trips was acquired. Then the temperature profile was fitted using a polynomial curve with 14 powers (Fig. 2) . Third, the diurnal temperature adjustment T d,i for each data was determined from the HKO temperature difference between the reference time k and the measured time i where T d,i 5 T HKO,i -T HKO,k . Finally, each data T i was replaced by T i 2 T d,i . T d,i and was between 20.58 and 10.68C in summer, between 20.48 and 10.28C in autumn, and between 20.68 and 10.98C in winter. Overall, the temperature adjustment ranged from 20.68 to 10.98C. As 0.98C is about 25% of the average UHI intensity in Hong Kong (see section 3a), this adjustment is significant and necessary in cities with small UHI intensities. This study revealed that neglecting the diurnal variation of ambient temperature in a mobile transverse can induce an error of up to 0.98C. One effective way to reduce this error would be to limit the measurement time by shortening the field route or deploying more vehicles for a field measurement. 
ground surface temperatures and ground air temperatures simultaneously during the satellite overpass. This provided data for the ''calibration'' of the satellite-derived surface temperature and allowed the computation of correlations between the two temperatures.
1) GROUND IN SITU MEASUREMENT
Ground measurements were carried out between 2100 LT and 0000 LT on the evening of 31 January 2007 when the satellite passed over. The ground crews included two mobile vehicles teams and one walking team. The routes of these vehicles are marked as white solid and dotted lines in Fig. 3a . Both vehicles first transected Kowloon. Then one vehicle traveled to the western side of the New Territories, while the other vehicle traveled to the eastern side. The team on foot took measurements on the roofs of buildings and in public parks. The objective was to record both ground surface temperatures and ground air temperatures at different land use locations that could be seen by the satellite.
The equipment used by the vehicles for the air temperature measurement was the same as that reported in section 2a. In addition, each vehicle also took pairs of in situ surface and air temperature measurements en route at about six different locations. All three teams measured both the in situ surface and the air temperatures at preplanned locations. Several portable temperature sensors were used by the walking team. The resolutions of all sensors were set at 0.28C. The in situ air temperature was measured at 1 m above ground. Each pair of in situ surface temperature/air measurements was the average of three consecutive samplings. The in situ surface and air temperatures were also adjusted according to section 2b.
Altogether, on the evening of 31 January 2007, the two vehicles traversed 148 km. The total collection was about 25 pairs of in situ surface/air temperatures (manual), about 14 000 air temperatures (by vehicles), two sea surface temperatures, and two lake surface temperatures. The in situ surface/air measurements were taken in Kowloon and the New Territories. The surface types of these sites included urban (such as roads and building roofs), grassland, sand, river water, and seawater. In addition, 12 HKO station temperature datasets were acquired for the validation of the satellite-derived air temperature. The locations of 12 HKO stations were marked in Fig. 3b .
On 31 January 2007, the weather was sunny and calm, and the average air temperature was 16.78C with 56% humidity. The average wind speed in the urban areas was less than 1 m s 21 during the nighttime.
2) ASTER IMAGE PROCESSING
A high-quality, cloud-free satellite thermal image was acquired by using an Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) on 31 January 2007. The satellite passed over Hong Kong at 2242 LST (local standard time). The wavelengths of the five thermal bands are between 8.125 and 11.65 mm. Band 13 (10.25-10.95 mm) was selected in this study as a result of its lower noise levels and higher atmospheric penetration (Nichol 2005) .
The level 1A data were first converted to radiance in radiometric correction and the rational function model was adopted in orthorectification (rms , 0.5). The radiance was then converted to the blackbody temperature using the Planck radiation law ).
The blackbody temperature was then transferred to a surface temperature (satellite-derived surface temperature) (Sabins 1997) . The emissivity of different land classes was derived from a land cover map, created from the previous daytime SPOT (Satellites Pour l'Observation de la Terre) and Landsat images. In this study, there were a total of six different land types (see Fig. 1 ). Atmospheric correction was carried out by using an average of four sea surface temperature readings, which were acquired from HKO and the field measurements. Since the in situ measurement is a point measurement, it is necessary to enhance the resolution of the thermal image. This was achieved using the latest emissivity correction procedure (Nichol 1994 (Nichol , 2009 ). The image resolution of 90 m was enhanced to 10 m using Eq. (2):
where T sat,suf is the satellite-derived surface temperature and e is the emissivity values of the land cover.
d. Definition of UHI intensity
In this study, the UHI intensity is defined as the temperature difference between the urban area and a reference suburban station. The urban and suburban areas are defined as nearly 95% and less than 50%, respectively, of urban cover within a 1-km 2 area. The reference suburban station selected for this study is a HKO station located in Ta Kwu Ling (TKL). The station is about 24 km north of Kowloon and 15 m above sea level. The station is isolated from both marine and urban influences. It is a small piece of flat land (about 4 km 2 ) surrounded by terrain. The altitude of the terrain is about 1000 m in the north, 650 m in the east, and 400 m in the south and west. The station is in one of the most undeveloped regions in the Pearl River Delta. It is situated in a suburban area with a low density population and low-rise buildings (building heights are less than 10 m). The built-up area comprises about 14% of the land cover within 1 km 2 around the reference station. The wind strength in this area is low throughout the year. Its location is marked as a white star in Fig. 1 .
To compute the UHI intensity, temperature records are adjusted to the reference time as follows:
where Tu is the air temperature used in the subsequent analysis, Tm is the air temperature measured by the vehicles, Tc is the adjustment of temperature as a result of calibration, and T d,i is the adjustment of temperature as a result of diurnal variation over the specific period. The UHI intensity (DT UHI ) at the time of the reference is defined as
where DT UHI is the UHI intensity, Tu is the air temperature in the urban area, and Tr is the air temperature recorded at the Ta Kwu Ling HKO station.
Results and discussion
a. Heat island intensity
1) ATMOSPHERIC UHI INTENSITY
Using all 20 mobile transverses, the average UHI intensity was calculated by averaging all of the UHI intensities along the routes, including Kowloon and Hong Kong Island. The results and the corresponding day weather conditions are shown in Table 2 . Considering Kowloon and Hong Kong Island separately, the average UHI intensities in Kowloon were 2.78 6 1.48C in the morning, 20.28 6 1.98C in the afternoon, and 3.98 6 0.88C in the evening. The corresponding values for Hong Kong Island were 2.38 6 1.68C in the morning, 20.28 6 2.08C in the afternoon, and 2.58 6 1.08C in the evening. For all 20 mobile transverses, the range of UHI intensity recorded was between 25.38 and 7.58C. The average UHI intensity observed in the afternoon and evening in this study is consistent with Giridharan et al. (2007) . The range of UHI intensity observed by Giridharan et al. (2007) in Hong Kong was between 21.38 and 3.48C. Their results were based on 4-week measurements taken between 1300 and 2200 LT in the summer of 2003. Giridharan's measurements were carried out mainly in high-rise residential areas, whereas this study focuses on the most densely populated areas (Giridharan et al. 2007 ).
2) SURFACE UHI INTENSITY
The snapshot of the satellite-derived surface temperature on 31 January 2007 is shown in Fig. 3a . The red pixels represent the hot areas, and the blue pixels represent the cold areas. The range of the satellite-derived surface temperatures was between 7.28 and 21.68C. The sea surface temperature was about 198C. The sea and urban clusters were the warm areas. Most of the land was cooler than the sea, whereas Kowloon and the northern part of Hong Kong Island were warmer than the sea. The hottest urban area was found in Mong Kok (MK in Fig. 3a) . Causeway Bay (CWB) on Hong Kong Island was almost as hot as Mong Kok. The coolest area was found in the suburban area of TKL. This is one of the least urbanized areas in Hong Kong, hence it is appropriate to use TKL as the suburban reference temperature (section 2d).
b. Validation of satellite-derived surface temperature
The simultaneous ground measurements provided a unique opportunity to validate the satellite thermal image.
A total of 25 pairs of satellite-derived surface temperatures and in situ surface temperatures were acquired in 15 sites (see Fig. 3a ). The scatter diagram of the two temperatures is shown in Fig. 4 . Linear regression showed that the coefficient of determination R 2 is 0.73, the standard error is 1.4, and the p value is 0.000 at the 5% significance level. The correlation between the two temperatures is good. In general, the ground surface temperature was slightly overestimated by the satellite image. A crude estimate of the accuracy and precision of the satellite-derived surface temperature can be obtained. If we define d as the difference between the satellitederived temperature and the in situ temperature, the mean of d was about 1.18C. If we take two standard deviations of d as the precision, it was 2.88C.
c. Correlation between in situ surface temperature and in situ air temperature
Another objective of the mobile surveys was to explore whether the ground surface temperature is correlated to the air temperature. Figure 5 is a scatterplot of the in situ air temperature against the in situ surface temperature. The temperature pairs were measured on different land types-for example, urban, dry grassland, and sand. For this reason, the data was separated into two regions. The first region was defined as ''urban'' (Kowloon), where the land use is almost entirely urban. Another region was defined as ''suburban'' (New Territories), where the land use is mixed. The square markers in Fig. 5 represent data taken in urban locations, whereas the triangle markers are from suburban locations. The two in situ temperatures proved to be well correlated.
The best-fit straight lines of the urban dataset, the suburban dataset, and both datasets combined are all statistically significant (p value 5 0.000). Linear regression showed that the coefficient of determination R 2 is 0.45 for the urban dataset, 0.62 for the suburban dataset, and 0.77 for both datasets together. From a statistical point of view, this conversion of surface temperature to air temperature is legitimate for a winter night. One possible explanation is that under clear-sky and low-wind conditions, thermal turbulence manifested while mechanical turbulence in the boundary layer subsided. At nighttime, when both convection and advection subsided, there was sufficient time for more heat transfer to take place between the surface and the air above it. Some previous studies have suggested that the air temperature can more or less be explained by the surface temperature in three land use classes: urban, suburban, and grass (Stoll and Brazel 1992; Kawashima et al. 2000) .
d. Conversion of satellite-derived surface temperatures to satellite-derived air temperatures
The satellite-derived surface temperature was first converted to an in situ surface temperature using the linear correlation regression in section 3b. This was then converted to a satellite-derived air temperature using the linear correlation regression reported in section 3c. The combined empirical equations for the conversion of satellite temperatures are for all data (n 5 25): T sat, air 5 1.07T sat, suf 2 3.5,
for urban locations (n 5 14):
and for suburban locations (n 5 11):
where T sat,air is the satellite-derived air temperature and T sat,suf is the satellite-derived surface temperature. The above equations should be used with caution, as the number of the sample is not large and it represents results from only one winter night. More data from future work in the same season will improve our understanding of this correlation. The water surface temperature was not converted, as the UHI is mainly concerned with land temperature differences. The conversion was first carried out using one simple empirical equation [Eq. (5)]. The conversion was then repeated by splitting the territory into urban and suburban using both Eqs. (6) and (7). The second conversion used Eq. (6) on urban pixels and Eq. (7) on nonurban pixels.
The validity of the three empirical equations can be studied by comparing the satellite-derived air temperatures with the reasonable size of the air temperature data acquired by mobile vehicles (hereinafter called mobile air temperature). The results are shown in Table 3 . When Eq. (5) was used, the overall average satellitederived air temperature was about 0.58C lower than the mobile air temperature. More detailed examination showed that Eq. (5) performed better in suburban areas. The discrepancy mainly occurred in the urban areas where the difference amounted to 1.28C. When the conversion treated urban and suburban areas separately using Eqs. (6) and (7), the difference between the satellitederived air temperature and the mobile air temperature was reduced slightly to 0.28C. On average, the temperature difference was about 0.78C in the urban areas and 0.08C in the suburban areas (Table 3 ). In addition to the above findings, the overall R 2 between the satellitederived air temperature and mobile air temperature improved from 0.63 [Eq. (5)] to 0.70 [Eqs. (6) and (7)] at the 5% significance level. Since it appears that there is a benefit to separating urban and suburban areas, the conversion using Eqs. (6) and (7) was adopted for further discussion. The image of the satellite-derived air temperature is shown in Fig. 3b. e. Verification of satellite-derived air temperature against fixed station observations Meteorological station data (hereinafter called HKO air temperature) was used to further evaluate the satellitederived air temperature. A total of 12 HKO stationobserved air temperatures are available for comparison. The HKO air temperatures observed on the same night, and at the same time, as the satellite image were extracted. Figure 6 shows the scatter diagram between HKO air temperature and satellite-derived air temperature. The correlation is good, with an overall R 2 of 0.66. The standard error of this correlation is 1.4.
f. Application of the winter UHI episode
The range of the satellite-derived air temperature was between 7.38 and 19.48C (Fig. 3b) . In the urban areas, the satellite-derived air temperature ranged from 14.78 to 19.48C. In the suburban areas, it ranged from 7.38 to 17.98C. The lowest satellite-derived air temperature (7.38C) was located in the vicinity of the reference point (TKL). Thus, the maximum UHI intensity observed on this winter night was 12.18C. FIG. 5 . Correlation between in situ air temperature and in situ surface temperature. g. Limitations and future research
First of all, Eqs. (5)- (7) were derived from only 25 pairs of data. The standard error could be reduced by making more observations. Second, Eqs. (5)- (7) are only valid for winter nights. Third, the derivation only considered two classes of land use (urban and suburban). Future research could extend to include a wider range of classes of ground surface. Finally, the effects of the vertical surface, sky view factor, and wind velocity have not been considered. The derivation of the air temperature from the satellite thermal image might be achievable by considering the winter night, summer night, winter day, and summer day, separately.
Conclusions
The average UHI intensity of Hong Kong was about 28-3.58C. It can be as high as 128C, as observed on 31 January 2007. The in situ measured surface temperature is consistent with satellite-derived surface temperature. The bias was only about 1.18C. The in situ measured surface temperature has a good correlation with the temperature of the air 1 m above it. The satellite-derived air temperature is also consistent with the air temperature observed by the 12 fixed stations. It is possible to derive surface air temperature from the satellite surface temperature on calm and clear winter nights. The findings suggested that the accuracy could be improved by considering more land use classes. The next study should include research on daytime temperatures.
